In conventional and repeatedly re-alkalized cultures of two lactic acid bacteria, the effects of five amino acids and their interactions on biomass and bacteriocin (nisin and pediocin) production were studied. Nisin production was stimulated by cysteine and tryptophan, and depressed by proline. Equations describing biomass production in L. lactis, and biomass and pediocin productions in P. acidilactici, contain numerous terms with three and four variables, indicating that none of the amino acids seems to play a relevant individual role.
INTRODUCTION
Bacteriocins are peptides produced by lactic bacteria with anti-microbial activity.
For the cultivation of lactic acid bacteria the use of a complex semisynthetic medium, particularly MRS, is recommended [1] [2] [3] [4] . Nonetheless, low efficiency of carbohydrate and protein utilisation was obtained when the micro-organisms were cultured under uncontrolled pH. When the culture reached the minimum pH and the stationary phase, many essential nutrients remained, indicating that the growth ceases not because limiting effects, but inhibitory ones.
However, when cultures experience a stepwise-pH profile, achieved by a series of successive re-alkalizations followed by spontaneous acidifications [5] , the initial protein levels were sufficient to promote the consumption of the initial carbohydrates of the media and the glucose added in fed-bath cultures. However, if the amount of tryptone and peptone added to MRS is calculated in accordance with its consumption in cultures with a conventional time-course of pH, biomass and bacteriocin productions decreased with regard to the maximum levels obtained in the conventional media. Thus, MRS medium seems to be unbalanced with respect to the protein/carbohydrate ratio. Relatively high levels of complex peptidic sources in the media are necessary to supply components for the synthesis of bacteriocins, even when this results in excess concentrations of other components.
That the role of these supplements was initially related to vitamins. Hirsch [6] observed that higher nisin production when calcium pantotenate was present in the medium, although, production did not increase when a mixture of vitamins were added.
Later, the contribution of Ca 2+ to the maturation of prenisin [7] and the increase in nisin production when Lactococcus lactis was cultured in presence of CaCl 2 [8] both suggest that this cation is responsible for the observed effects.
The effect of complex protein and yeast extract supplements on bacteriocin production has been studied previously in our laboratory [9] , and an empirical model describing the effects of tryptone and yeast extract on nisin production proposed. It was shown that both ingredients stimulated nisin production, although a reduction was observed at high concentrations. The similarity of the results, and the absence of vitamins in tryptone, led to the presumption that amino acids common to both supplements were responsible of the observed effects. The decreased production at high concentrations can be attributed to the buffering capacity of both supplements, that attenuate the pH fall, or to specific inhibitory effects of some supplement components. These results agree with those obtained in the enterocin production by Enterococcus faecium [10] or lactocin production by Lactobacillus casei [11] . In the first case, it is possible that an effect of the pH cannot be discarded; in the second, the descent in the lactocin production to high tryptone concentrations seems to be a genuine pH-independent effect.
The stimulation of bacteriocin production by organic nitrogen sources has been investigated by several authors (e.g. [3, 12, 13] ), generating diverse explanations that some amino acids (or peptides) are enzymatic inducers, that several amino acids are necessary to synthesise the lanthionine ring (only in lantibiotics), or that there are specific nutritional requirements for normal bacterial growth. Nevertheless, these results are unclear and the specific role of amino acids in bacteriocin production has not still been satisfactorily identified.
Accordingly, the main objective of this work is to study the effects of amino acids on nisin and pediocin productions by two lactic acid bacteria in order to define criteria for the eventual formulation of media with a more appropriate nutrient balance. [12] , and De Vuyst [3] . Moreover, a group was added of five amino acids on whose relevance in the bacteriocin biosynthesis seems to have general agreement, and whose concentrations were adjusted in order to obtain a complete orthogonal design 2 5 , in the terms that will be described later on. In view of the differences between the amino acid composition of nisin and pediocin (Table 2 ), tryptophan and serine were added to the basic medium for Pc 1.02, and serine, proline and tryptophan were replaced by asparagine, lysine and glycine in the group of variable amino acids, in order to provide components with a high presence in the pediocin molecule. Although glycine can act as a membrane permeabilizer, its high proportion in pediocin justified its inclusion in the second medium.
MATERIALS AND METHODS

Microorganisms and culture media
Although the lactic acid bacteria are aerotolerants anaerobes, in previous studies [5, 14] it was demonstrated that the aeration conditions for the maximum productions of biomass and bacteriocins -not always coincident-can differ with the species considered, often they require high levels of dissolved oxygen and can be provided in a reproducible way by varying the flask volume/medium volume (F/M) ratio. Accordingly, microorganisms were grown in 250 mL Erlenmeyer flasks with optimal F/M ratios for bacteriocin production (1.56 and 2.5 for Pc 1.02 and Lc 1.04, respectively). All cultures were carried out at 30°C and 200 rpm orbital shaking. For re-alkalizations, pH was adjusted with 2N NaOH. Inocula (1% of the total culture volume) were prepared as cell suspensions in sterile distilled water and adjusted to an optical density (700 nm) of 0.900.
Experimental design
Two complementary type of experiments were accomplished:
1: Effects on bacteriocin production of the amino acids included in the variable group, i.e., threonine (T), cysteine (C), serine (S) (as a part of the lanthionine ring), proline (P) and tryptophan (W) for nisin, and threonine (T), cysteine (C), asparagine (N), lysine (K) and glycine (G) in the case of pediocin. For this study, an orthogonal factorial design [15] was carried out, comprising the 32 combinations of the five variable amino acids at two levels, as well as a sextuple replicate in the centre of the domain for estimation of the experimental error. Range and codification of variables are shown in Table 3 . After 12 hours, the culture was re-alkalized to pH=7.0. According to previous findings [5] , this step renders higher productions and permits the effects of the variables to be better distinguished.
2: Study of time-course of the culture basic variables and amino acid consumptions in conventional and re-alkalized incubations, on media with the specified basic group of nutrients, and the amino acids of the variable group taken to a concentration half of the maximum used in the factorial design. In re-alkalized cultures, the glucose concentration was maintained at 15 g/L by regular feeding.
Analytical methods
At each sampling interval, each whole experimental unit was split into two aliquots.
One aliquot was centrifuged at 15,000g/10 min., the sediment washed twice with distilled water and dried to constant weight at 106°C for biomass estimation. The corresponding supernatant was used for the determination of reducing sugars [16] , proteins [17] , and characteristic metabolites (lactic and acetic acid, 2,3-buthanediol, ethanol) by means HPLC. Chromatographic analysis was performed using a ION-300 column (Interaction Cromatography USA) with 6mM sulfuric acid as mobile phase (flow = 0.4 mL/min) at 65ºC, by means a refractive-index detector. Lactic and acetic acid, ethanol and 2,3-buthanediol standards were obtained from Sigma. The second aliquot was used for the extraction and quantification of bacteriocins (nisin and pediocin), using Carnobacterium piscicola CECT 4020 as an indicator, by methods described in detail by Cabo et al. [18] and Murado et al. [19] .
Amino acids in the supernatant of the first aliquot were determined as OPA (ophthalaldehyde) derivatives by reverse phase HPLC with a Spherisorb ODS-2 C 18 column and fluorimetric detection, according to procedures previously described [20, 21] .
Standards were obtained from Sigma-Aldrich.
Statistical methods
Results of the factorial designs were used to obtain (orthogonal least-squares 
Amino acid consumption by L. lactis
Comparison of the results from cultures with and without stepwise pH profiles ( Fig. 2) confirmed the low levels of bacteriocin production in synthetic media, as well as the effect of pH-gradient previously described [5] . Additionally, the capacity of the culture to recover the acid pH after each re-alkalization was slower when the producer microorganism was cultured in synthetic media with respect to complex media used by [9] .
The realkalized cultures showed two well differentiated phases: one homofermentative and another heterofermentative, the latter with scarce production of lactic acid, but in which the productions of ethanol and acetic acid were detected. No significant consumption of any amino acid studied was detected in the control cultures or in the first phase of the re-alkalized ones. However, a fast decrease in glutamic, serine and arginine content was observed in the second phase of the re-alkalized cultures. Threonine, histidine, alanine, isoleucine and leucine were consumed more slowly and no consumption of valine was detected. Additionally, the variations in amino acid consumption profiles were associated along the time with the difference in biomass and bacteriocin productions between control and pH-stepwise cultures, in which nisin production reached a plateau simultaneously to glutamic, serine and arginine consumption completion.
Effects of amino acids on P. acidilactici productions
The results obtained for this assay showed a more poorly defined situation than for L. Lactis, with a scarce difference between the extreme responses of the experimental domain (maximum  1.5  minimum). The Student t-test eliminated few interactions, and this way the equations, although statistically significant, they contain too many terms and, accordingly, they lack interest to attribute relevant effects to individual amino acids: 
Amino acid consumption by P. acidilactici
Although the kinetics of growth and bacteriocin production were similar to those obtained in Lc 1.04 cultures, several differences can be highlighted (Fig. 3): 1: Synthetic medium depresses the capacity of the culture to recover the acid pH after each re-alkalization less than in Lc 1.04.
2:
The stabilization of the bacteriocin production takes place later than in Lc 1.04.
3: Division of the culture into two phases based on amino acid consumptions is not as clearly defined as in Lc 1.04. Additionally, these consumptions were less clearly associated along the time with biomass and bacteriocin production.
Discussion
A global valuation of these results suggests that the application of multivariate designs to groups of amino acids in synthetic media is of scarce utility for the search of individual sources of organic nitrogen as factors affecting the bacteriocin production. Such an experimental approach (similar to those of authors as Parente and Hill [10] or Vignolo et al. [11] ), seems logical in view of the effects of nutrients as peptone or yeast extract, and, in fact, it allows to attribute stimulating or depressor effects to certain amino acids or combinations of them. On the other hand, the role of the amino acids neither is clear in the realkalized cultures, in spite of its considerably higher productions. This way, it can be concluded that the low productivities are not the principal problem to characterize that role. However, 1) the productions are always much lower in synthetic media than in complex ones, 2) the effects of the amino acids are of scarce magnitude, 3) even in synthetic media, the stimulation due to the pH-stepwise profiles exceeds significantly those of the most effective amino acid combinations (Figs. 2 and 3 ).
Several authors have proposed, based on metabolic or genetic arguments, that the peptides are more important than amino acids in the bacteriocin synthesis. The first group of arguments has pointed out that the transport systems are more efficient for peptides than for amino acids [23] , that amino acids are more protected from catabolism when integrated in peptides [24, 25] , or that bacterial cells obtain energy through the hydrolysis and subsequent elimination of peptides [13] . The second group of arguments has postulated that peptides are inducers of bacteriocin synthesis by direct activation of transcription once inside the cell, or through a second messenger mechanism (i.e. activation of a transmembrane protein generating a cytoplasmic response that activates transcription). In both ways the structure of the inducer could be equal or similar to the bacteriocin produced. Kuipers et al. [26] have found auto-induced nisin synthesis by Lactococcus lactis through a second messenger mechanism, whilst Eijsink et al. [27] have demonstrated that sakacin synthesis by Lactobacillus sake is induced by a structurally similar 17 amino acid-peptide.
The stimulating effects due to the pH-stepwise profiles described in this paper seem of interest at this respect, since an incubation process carried out in this way can be considered, to a certain extent, like a series of successive cultures, each starting up in presence of the metabolic products eliminated by the micro-organism during the precedent step. Since it is reasonable to suppose that among these products they are peptides (bacteriocins are, in fact, peptides), the differences between conventional and pH-stepwise cultures on synthetic media are more compatible with an auto-stimulatory mechanism rather than a nutritional phenomenon.
On the other hand, the differences among the consumptions of amino acids in both types of conditions suggest that, at least in the studied cases, the auto-stimulatory effects could affect the mechanisms responsible for the transport of amino acids, maybe without affecting the transcription processes, since in this case it could be expected differences even more important, as those detected by Kuipers et al. [26] . 
